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ABSTRACT

We discuss the use of muon -pin reluation (p+SR) techniqu to study the mixml

-tate of superconductors. Lesidm the application for static vortex Confib lrationsl

we argue that large vortex motion can manifest itmelfM a narrowed time. avcrrngtd

field dwtribution, which in turn results in a tmaller rebation rate. A ~tatic buL

disordered vortex configuration can ●lso reduce the rchucation, ‘M w,mnlnrizr

three argurncnts.



p+SR Experiment

htroduction

It is well known that a muon spin relocation (p+SR) t:chnique can be success-

fully employed in determining the penetration lengths of superconductors. This

method, however, assumes that the vortices (magnetic flux lines) are rigid rods

and form a static triangular lattice, Rel&Ying these conditions can result in

unexpected behavior —relaxation rate of p+SR signal becomes smaller by the

introduction of either vortex motion or disorder. However, the temperatur~ de.

pendence of the “width” of field distribution, (AB2), as obtained by p+SR differs

great!y in these two cases, and gives a guide to distinguish between them.

)I+SR Experiment

The p+ SR technique is already widely documented.’ Thum we give orlly a brief

discussion here, The method of interest is the transverse muon spin geometry

where magnetic fie]d is applied perpendicular to the initial muon spin polar.

ization, (We align the muon spins before they are implanted.) The implanted

muorls therrnalize in a sample very quickly and mtart preceming in the a magnetic

field, Note that at the low temperatures (say < 150 K) used for superconduc-

tivity study, the thermalized muonn are localized and do not hc~p from site to

site. hluons subsequently dc( ay with m mean lifetime of TM s 2,211s, emittirlg

poaitronn prefcrentidy in the riircction of spin pcdariration, If the il~ternal mag-

netic field of i;’c s~mple is uniform, then the muon prccessitln rate is the sarl]r

fur every muon, and the signal, which is the count of positrf”ll]s along some [ii-

rcction versus time (cmrectcd for the exponcnti~l drcreasc of hurviving muons),

oscillfites with a constmlt amp]itudc. In a rnixcd state nupm-(~uductor, howrver,
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static VorLice6

the internal field variee from position to position, having maximum at the vor-

tex core sites and decre~ing as we get further way from the cores. Thufil the

implanted muon~ precess at different frequencies depending on where they land,

causing the spin ●nsemble to “dephase,n This dephasing in turn result in the de-

cay of p+SR sigr,al amplitude with timr. By inverting this relation, one obtaines

the field distribution inside a superconductor, in particular the second moment

(A13a) = ((B - (B))’), Typically, for ● strongly type-11 superconductors, the

value of (A132) is ~ 100 C2, and it is essential that the magnet is stable over the

entire duration of cooling and data collection of the experiment,

In a similar analysis, one can obtain information on the amsotropy of the

distribution (i,e. (A133)) from the pham.shift of the p+SR signal, but we will not

go into it here.

Static Vortices

It can bc shown rather simply that the static regular triarigular vortex lattice

gives the second moment of the field dibtribution~

(1)

where ~ = hc/2e is the magnetic flux qurmta aud A is the pt nctration length cf

the superconductor, The relation (1) has been succes~fully used to determine A

in ordinary superconductors ●nd some high-TC materiais!

If the vortex configuration is disordered, the relation (1) no Iongrw holds,

As discussed recently$c increased c-axis disorder tends to reduce (Al?a), ‘1’him

trend io inl uitively understood by considering ● simple morlcl like Lawrcnrr.

Donim:h modrl~ whidl is applicable to laycrml suprrronductors. Supposr thr

3



Mobile Vorticem

vortex “discs” on each layer are aligned along tb.e z-direction (taken perpendicular

to the layers) to form a triangular lattice, the~ clearly (AB2) is maximum. If

we then move the origin of every other layer by 1/2 lattice consta,]t or so, then

(A132) is reduced considerably.

The caveat associated with this picture is that we are a.isuming that there is

no fluctuation in the vortex density, Inclusion of the density fluctuation has little

effect on reduced (AB’) molong as it occurs within the length-scale shorter than

~, However, if the fluctuation happens in the scale larger than J, then (AB2~

can be significantly increased mince some places have few vortex diocti (low B)

while other places have many (high B). We think that thi~ effect is, however, not

very important in real oystemn when the mrnple is field-cooled, based on the fact

that such ● large tca.le fluctuations ●re not energetically favorable ●nd therefore

unlikely to occur.

Whatever the type of di-order we consider, it is cleu that the temperature.

dependence of (Al?2) for temperature independent ditorder is the came as the

ordered case, Ily ● dimensional argument, the relation (AD2) a #~/J4 must

hold much that any temperature-dependence enters only via ● diverging J as

temperature approaches T. from below.

Mobile Vortices

When vortices are mobile due to thermal fluctuations, the picture of static vort,icm

fails and the observed (Af32) comparatively reduced due to “motional narrowing, ”

Unlike the came of static vortices, what we must really consider is not just thr

spatiidly averagml (Al?a), but rather the spatial avermge of the tium-averagrd

All. That is, first ●verage All ●t a particular site (wkrc a muon is trappml)
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Mobile Vortices

over the duration that the muon remains there, and then average over the space.

Let us represent this time and space averaged quantity by {~ 2, where the bar

indizates the time average. The fact that vortex motion reduces (~ 2, is easily

understood by considering the mtuimum ~~ax in6ide a sample for two limiting

cases. If the vortices are ~tatic, ~ m~x ig simply the value at the vortex cores,

l?CO,c. Howeverl in the case of mobile ~ortices, the cores drift away with time,

and the time average ~~mz is motionally reduced. Similar arguments apply to

the minimum ~tin, except that ~fi becomes g~eater with motion, In the end,

we are Icft with smaller ~mu~ - min~], which in turn results in smaller (~ 2).

Get’,ing the temperature dependence of (~ 2, with mobile vortices is not

as easy a task. The simplest approach in to replace the different time intervals

involved in evaluating ~ by a single time scale T, With this approximation, we

can replace the timr integration over the time dependent vortex configuration by

a spatial integration over the vortex probability distribution: The temperature-

depcndence in this picture now originates in two ingredients — A and the prob-

ability distribution, W.

For simplicity, let us consider the temperature-dependence of W for a single

vort,cx, Since the vortex is expected to experience :andom walk type motion

(there is no external bias), the probability distribution in question is,

W - exp(-(r —rU)2/Dt) , (2)

where r,, is the position of the vortex at t = O and D is proportional to thr

dilrusion constmlti Two remarks are in order: (a) As stated above, wr uoc a

cinglr time ocalr TMfor simplicity. So wc rq]lacr t by r~ in Ec!. (2). (t)) Thr
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Dimcumion: Motion verws 13isordcr

diffusion con~tant llisvery-trongly temperature dependent. A simple th=rmal

activation picture and the Einstein relation would give D * Texp(-tt/kT)

where VOis the relevant activation energy for the vortex.

Normally, VOis much greater than kT. and hence the temperature dependence

of IV is too small to be important. However, for a system like high-quality

single crystal Eia%2CaCuaOs+4,we find that V. is sufficiently close to kTCfor the

broadening of W to appear in dat~! Our calculation using this simple approach

chows that the (Al?a) vs. T curve hab positive curvature with sufficiently Iargc

motion, which it qualitatively quite different from the static case.

Discussion: Motion versus Disorder

The recent p+SR experiment on single crystal BiaSraCaCuaO~+~ ~hows con~ider-

able narrowing of (~ a, data in addition to the temperature dependence with

positive curvature, There ue two possible scenarios for this to happen: (a) In.

creased di~orrler with increased temperature, but vo:tex motion remaining small

and playing little role, (b) Increased motion of vortices with temperature (and

disorder as well). We feel that the fird ccenario is unlikely, The data show strong

temperature dependence of (~’) even at the lowest temperature (x 5 K). If

this is merely due to the increued order of the vortex configu~al ion with lowering

temperature, we must come up with a mechanism to relax the vortex configura.

tion at such temperature, involving macroscopic motion of vortices (~cale- A),

However, it is well documuitcd that such a reconfiguration of vortices dots mlt

occur within the time scale of p+ SR experiment (mveral hours) at much tem-

perdures.’ Thus, it i~ much simpler to interpret this temperature depcmlcncr

as due tu the motion of vortices, not involving large scale movement. (Th I(w
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Conclusion

temperature behaviol .~ due to the ‘vibration” of pinned vortices. ) Furthermore,

scenario (B) provides a natural explanation for the observed p(lsitive curvature

of (~ 2,. Additional support for the scenario (B) is the reduced asymmetry of

the distribution (=3) at higher temperatures! but we will not discuss it here.

Conclusion

Though it is a difficult experiment to control and interpret, the p+SR technique

offers the only non-perturbative probe to study totb the static and dynmmic

behavior of vortices in superconductors. Further refinement of the technique

should allow exploring higher field regimes (with high precensicm frequency) and

better time-resolution, which can then be used to see the degree of dephasing with

time. Such an improvement will control the time-aver~ing procese of computing

~, and gives much more ~pecific information about the motion of vortices in a

superconductor,
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